Hepatocellular carcinoma (HCC) is considered to be one of the most common causes of cancer-related death based on Cancer Statistics reported in 2011.^[@bib1],\ [@bib2],\ [@bib3]^ Although surgical resection and liver transplantation are widely used to control its pathology, there are still no effective therapeutic options available to treat advanced HCC due to its resistance to chemotherapy and radiotherapy.^[@bib4]^ Thus, novel therapeutic agents are urgently needed to minimize the incidence and severity of this cancer.

Many cytotoxic agents and/or DNA-damaging agents arrest cell cycling at G1, S or G2/M phase.^[@bib5]^ Progression from G2 to M phase is regulated by a number of the cyclin family members, in particular cyclin B1 and cdc2. Cyclin B1, together with cyclin A, promotes the G2/M transition.^[@bib6],\ [@bib7]^ Meanwhile, cdc2 is essential for the G1/S and G2/M phase transitions of the eukaryotic cell cycle. The phosphorylation and dephosphorylation of cdc2 have important regulatory roles in the control of the cell cycle.^[@bib8]^ Moreover, the phosphatase activity of cdc25C is also implicated in the regulation of the progression of G2/M phase.^[@bib9]^

Apoptosis, which is characterized by cytoplasmic shrinkage, chromatin condensation and DNA fragmentation, is an active form of cell death that occurs in response to several agents, including anticancer chemotherapeutic drugs.^[@bib10],\ [@bib11],\ [@bib12]^ In addition to the caspase family proteins and Bcl-2 family members, some other biomarkers and events could also be considered as the determinants of apoptosis.^[@bib13]^ Reactive oxygen species (ROS) is the mediator of intracellular signaling cascades.^[@bib14]^ The abnormal production of the molecule may trigger redox signaling pathways, such as oxidative stress, cell cycle arrest and apoptosis.^[@bib15]^ In addition, disruption of the mitochondrial transmembrane potential is considered to be one of the apoptotic processes induced by chemotherapeutic drugs.^[@bib16]^

The small G-protein Ras, or its downstream effector Raf, could link receptor and non-receptor tyrosine kinases to downstream serine/threonine kinases.^[@bib17]^ The mitogen-activated protein kinases (MAPK) whose activities are regulated by Ras/Raf expression are mainly composed of three members: extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs) and p38 MAPKs. In general, the ERK signaling is typically associated with cell survival, proliferation and differentiation activated by mitogenic stimuli,^[@bib18],\ [@bib19]^ whereas the JNK and p38 cascades are activated by chemicals and environmental stress and are usually involved in cell growth and apoptosis.^[@bib20]^

It is well known that marine natural products have a vital role in cancer chemotherapy. Wentilactone B (WB) (EN-48-57), a tetranorlabdane diterpenoid extracted from the marine algae-derived endophytic fungus *Aspergillus wentii* EN-48, displayed potent cytotoxic activity.^[@bib21]^ Recently, the antitumor activity of WB has attracted our attention. It has been previously demonstrated that WB could suppress the growth of various tumor cell lines, especially human hepatoma SMMC-7721 cells, by triggering apoptosis and inhibiting metastasis.^[@bib22]^ However, the underlying mechanisms of its anticancer properties are poorly understood.

In the present study, WB was found to induce G2 phase arrest and apoptosis in SMMC-7721 cells. WB treatment significantly suppressed tumor growth *in vivo*. Furthermore, it was demonstrated that WB could bind to Ras and induce G2 phase arrest via the ERK/MAPK signaling. In parallel, through the JNK/MAPK cascade, it induced apoptosis. Consequently, WB may be a potential compound for the development of anticancer agents for HCC.

Results
=======

WB triggers cell cycle arrest at G2 phase and regulates the expression of cell cycle-regulating proteins
--------------------------------------------------------------------------------------------------------

Our recent studies demonstrated that WB exerted a potent cytotoxic activity and had a significantly inhibitory effect on several tumor cells.^[@bib22]^ Compared with the other hepatoma cell lines (HepG2, Huh7 and Hep3B), a marked antiproliferative activity was observed in SMMC-7721 cells with IC~50~ value of 18.96 *μ*ℳ after treatment of WB for 48 h ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

To explore the mechanisms leading to the loss of SMMC-7721 cells proliferation by WB, the effects of WB treatment on cell cycle arrest were first examined. SMMC-7721 cells were incubated with various concentrations of WB and 5-FU for different time periods. A time-dependent and dose-dependent G2/M phase arrest was observed ([Figure 1a](#fig1){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). While the well known cytotoxic-anti-cancer-agent 5-FU resulted in a progressive increase in the population of cells in G0/G1 phase, which is consistent with the previous studies.^[@bib23],\ [@bib24]^ Furthermore, western blot analysis showed that WB treatment caused a marked time-dependent increase in the phosphorylation status of p53, cdc2 and cdc25C, and in the level of p21, whereas the total level of cdc2, cdc25C and cyclin B1 were decreased ([Figure 1b](#fig1){ref-type="fig"}). These results suggest that inhibition of proliferation of SMMC-7721 cells by WB may involve G2/M phase arrest, possibly through alterations of p53, p21 and G2/M phase cell cycle-related protein expression.

WB induces mitochondrial-related apoptosis
------------------------------------------

Next, the SMMC-7721 cells were treated with 5-FU and various concentrations of WB for the indicated time periods, and the apoptotic cells were detected. As observed in [Figure 2a](#fig2){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}, WB treatment resulted in a marked time-dependent and dose-dependent increase in apoptosis. Moreover, the WB (18.96 *μ*ℳ) showed a similar effect with 5-FU (20  *μ*ℳ) at 48 h, and a better effect than 5-FU at 72 h. Additionally, treatment with WB activated caspase-9, -7 and PARP, but not caspase-8. Significant proteolytic cleavage of caspase-9, -7, -3 and PARP was detected, but not of caspase-8 ([Figure 2b](#fig2){ref-type="fig"}). Consistently, it was shown that cytochrome *c* (Cyt *c*) was released from the mitochondria to the cytosol ([Figure 2c](#fig2){ref-type="fig"}), indicating the activation of the intrinsic apoptosis pathway. Meanwhile, decreased levels of antiapoptotic Bcl-xl, -2 and phospho-Bad, and increased expression of Bad and phospho-Bcl-2 were observed ([Figure 2d](#fig2){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

To further assess the effects of WB on the mitochondrial apoptotic pathway, the mitochondrial membrane potential (*Δψ*~m~) was measured using fluorochrome dye JC-1. As shown in [Figures 2e and f](#fig2){ref-type="fig"}, WB treatment resulted in a time-dependent significant decrease in the ratio of the green fluorescence (FITC) to red fluorescence (PE). Furthermore, the caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (z-VAD-fmk) significantly, but not entirely, prevented an increase in the proportion of apoptotic cells ([Figure 2g](#fig2){ref-type="fig"}). It restored the expression of Bcl-xl and PARP. Otherwise, the inhibitor blocked the cleavages of caspase-3 and PARP, and it decreased the expression of Bad ([Figure 2h](#fig2){ref-type="fig"}). These results reveal that WB-induced apoptosis was partially mediated by the mitochondrial pathway and caspase activation, accompanying Cyt *c* release from the mitochondria into the cytosol.

The accumulation of ROS induced by WB participates in the apoptosis of SMMC-7721 cells
--------------------------------------------------------------------------------------

ROS, generally considered as a mediator of caspase-independent cell death, also has an important role in the effects of various anticancer agents on cell cycle transitions.^[@bib15],\ [@bib25]^ Thus, the intracellular ROS level was measured using the fluorescent probe2′,7′-dichlorofluorescin diacetate (DCFH/DA). [Figures 3a and b](#fig3){ref-type="fig"} show that WB increased the mean DCF fluorescence markedly, indicating that WB could potentiate the elevation of intracellular ROS. Next, to determine whether increased production of ROS may have a role in WB-induced apoptosis or cell cycle arrest, we treated the cells with the antioxidant N-acetylcysteine (NAC) 1 h before adding WB for a further 48-h treatment. The results showed that pretreatment with NAC caused a significant inhibition of the WB-induced increase of cell apoptosis ([Figures 3c and d](#fig3){ref-type="fig"}). However, the same treatment did not prevent the WB-induced increase in the G2/M population ([Figures 3e and f](#fig3){ref-type="fig"}).

Additionally, pivotal proteins associated with apoptosis and the G2/M transition were investigated to interpret the role of ROS in WB\'s antineoplastic effects. Western blot analysis revealed that NAC blocked the cleavage of caspase-3 and PARP, and it decreased the expression of Bad, although the expression of Bcl-xl, caspase-3 and PARP were increased significantly ([Figure 3g](#fig3){ref-type="fig"}). In contrast, NAC did not restore the expression of the G2/M transition-related proteins ([Figure 3h](#fig3){ref-type="fig"}). Similarly, NAC failed to influence the altered expression of JNK, ERK, p53 and p21 ([Figure 3i](#fig3){ref-type="fig"}). Taken together, these findings indicate that WB-induced apoptosis was at least partially mediated by an ROS-dependent apoptosis pathway, and the induction of the G2 phase arrest did not involve ROS.

ERK and JNK regulate WB-induced G2 phase arrest and apoptosis, respectively
---------------------------------------------------------------------------

Considerable evidence indicates that MAPK signaling cascades regulate not only cell growth, development and differentiation, but also apoptosis and cell growth arrest.^[@bib26],\ [@bib27]^ To understand the mechanism by which WB affects MAP kinase activation, the role of WB in the activation of ERK, JNK and p38 MAP kinase was determined. Both western blot and ELISA showed that the phosphorylation of ERK and JNK was gradually, and significantly, increased after WB treatment, but the phosphorylation of p38 was hardly affected ([Figures 4a and b](#fig4){ref-type="fig"}). Interestingly, from [Figures 4c and d](#fig4){ref-type="fig"}, it can be seen that only the JNK inhibitor SP600125 significantly restored cell apoptosis in response to WB, and only the ERK inhibitor U0126 had a hard reversible effect on the G2 phase cell cycle arrest induced by WB. At the protein level, the results were consistent with the results of flow cytometry and revealed that the U0126 had an apparently opposite effect on the WB-induced G2/M transition-related proteins, but it did not significantly affect the apoptosis-related proteins. On the contrary, the SP600125 exerted apparently opposite effects on the WB-induced apoptosis proteins, but it did not affect the G2/M transition-related proteins ([Figures 4e and f](#fig4){ref-type="fig"}). From the results obtained so far, it could be concluded that the cell apoptosis and G2 phase arrest of SMMC-7721 cells induced by WB were mediated by activation of the JNK/MAPK signaling and the ERK/MAPK signaling, respectively.

WB activates MAPK through a Ras-dependent pathway
-------------------------------------------------

It has been demonstrated that Ras, a GTP-binding protein, is a common upstream activator of the Raf/MEK pathway.^[@bib28],\ [@bib29]^ Thus, the results achieved above led us to consider whether Ras is involved in WB-induced apoptosis and cell cycle arrest. The specific antibodies for Ras--GTP and phospho-c-Raf were proportional to the amount of the active form of Ras.^[@bib30]^ Firstly, the activation of Ras induced by WB in SMMC-7721, HepG2 and Huh7 cells were analyzed by western blot. As shown in [Figure 5a](#fig5){ref-type="fig"}, WB induced the activation of Ras in all the three cells, whereas SMMC-7721 cells exerted a remarkable activation of Ras. Additionally, WB could result in the activation of Ras and the phosphorylation of c-Raf in SMMC-7721 cells in a time-dependent manner ([Figure 5b](#fig5){ref-type="fig"}). Therefore, the activation of Ras might involve in the phosphorylation of MAPK induced by WB. To address the question, the cells were transfected with a dominant-negative Ras (RasN17) and then treated with WB for 48 h. The induction of apoptosis and cell cycle distribution of cells subjected to those treatments were determined. As shown in [Figures 5c and d](#fig5){ref-type="fig"}, and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}, RasN17 significantly suppressed both cell apoptosis and G2 phase arrest induced by WB. Similarly, western blot analysis revealed that the abnormal expressions of cell apoptosis-related and G2/M transition-related proteins were restored to normal as a result of RasN17 expression. Moreover, RasN17 suppressed the activation of ERK and JNK ([Figure 5e](#fig5){ref-type="fig"}).

To further investigate the possible targets of WB, an inverse docking (INVDOCK) analysis was applied to identify proteins that WB can directly bind to. Using the INVDOCK program,69 cancer-related proteins were extracted from the Protein Data Bank. Of these, five proteins were closely related to MAPKs ([Table 1](#tbl1){ref-type="table"}). As Ras--GTP, an activated form of Ras, has a high affinity for numerous downstream effectors,^[@bib31],\ [@bib32]^ its three-dimensional (3-D) structure was chosen to explore its binding interaction with WB. The illustration of WB docked to Ras--GTP using the INVDOCK program is shown in [Figure 5f](#fig5){ref-type="fig"}. Furthermore, the binding ability of WB to the Ras--GTP and RasN17 mutant protein was determined by surface plasmon resonance (SPR). Moreover, the binding affinity of WB to the proteins was reflected by response unit (RU) values. The RU increased apparently following the WB concentrations increasing, with the equalitism dissolution *K*~D~=47 *μ*ℳ in the plot of WB to Ras--GTP ([Figure 5g](#fig5){ref-type="fig"}). While the binding between WB and RasN17 mutant protein showed a significantly lower RU value, with *K*~D~=527 *μ*ℳ ([Figure 5h](#fig5){ref-type="fig"}), indicating that WB may have a specific binding affinity toward Ras--GTP. Together, these results suggest that WB may activate MAPK via a Ras-dependent pathway.

WB suppressed the tumor growth in mouse xenograft models
--------------------------------------------------------

To further evaluate whether WB inhibits tumor growth *in vivo*, 2 × 10^6^ SMMC-7721 cells were subcutaneously inoculated into nude mice. WB treatment was begun on the first day, and it was administered at 5, 10 and 20 mg/kg intraperitoneally for 21 days, with dimethyl sulfoxide (DMSO) as the negative control and 5-FU as the positive control. The data showed that the tumor growth inhibition was gradually evident following the dose increase, where ∼86.4% inhibition of tumor growth was observed at a dose of 20 mg/kg/day ([Figure 6a](#fig6){ref-type="fig"}). The tumor mass of WB (10 and 20 mg/kg)-treated mice was significantly less than that of the control group ([Figure 6b](#fig6){ref-type="fig"}). Compared with the control, WB (10 and 20 mg/kg) treatment suppressed the tumor growth on days 16 and 20 ([Figure 6c](#fig6){ref-type="fig"}). Although 5-FU inhibited the tumor growth and size significantly, the body weight of 5-FU-treated mice decreased strongly during the course of treatment. By contrast, an increase in body mass was observed in the WB-treated groups ([Figure 6d](#fig6){ref-type="fig"}). Moreover, the activation of Ras inWB-treated xenograft tissues was analyzed. WB treatment apparently resulted in the upregulation of Ras--GTP, but not of the total Ras ([Figure 6e](#fig6){ref-type="fig"}). To further substantiate the activation of MAPK pathway that WB induced *in vivo*, the activation of ERK, JNK and p38 in xenograft tissues was revealed by immunohistochemistry. The results showed that both ERK and JNK were activated in WB-treated xenograft tissues, whereas p38 remained unchanged ([Figure 6f](#fig6){ref-type="fig"}). These results suggest that WB was an effective agent that could inhibit the growth of transplanted HCC tumors *in vivo*.

Discussion
==========

In the present study, we demonstrated that WB significantly suppressed tumor growth *in vivo* and *in vitro*. Moreover, the compound triggered cell cycle arrest at G2 phase and induced cell apoptosis via a different MAPK signaling pathway.

Treatment with WB in SMMC-7721 cells resulted in G2 phase arrest in a time- and dose-dependent manner, and reduced the levels of phospho-p53, p21 and G2/M transition-related proteins. The reduced activity of cdc25C and a subsequent increase in cdc2 phosphorylation is the hallmark of cell cycle arrest at the G2/M phase.^[@bib33]^ It is suggested that cdc25C regulates entry into mitosis by regulating the activation of cdc2/cyclin B1. Although cdc25C only has low activity in its unphosphorylated form, following hyperphosphorylation, it will efficiently catalyze the activation of cdc2/cyclin B1.^[@bib34]^ On the other hand, the complex of cdc2/cyclin B1 could phosphorylate cdc25C.^[@bib35],\ [@bib36]^ Indeed, cell cycle analysis revealed a prominent G2 phase arrest in WB-treated cells, and phospho-p53, -cdc2, -cdc25C and p21 were upregulated. To the contrary, cyclin B1, cdc2 and cdc25C were downregulated. It is plausible that alterations in cell cycle-associated proteins may lead to the arrest of G2 phase in WB-treated cells.

Apoptosis, a fundamental process essential for development and maintenance of tissue homeostasis, is a major mechanism to eliminate cancer cells.^[@bib37]^ Thus, an effective strategy for cancer prevention and treatment seems to target signaling intermediates in the apoptosis-inducing pathways.^[@bib38]^ Here, we showed that following WB treatment, a time- and dose-dependent apoptosis was observed. As an important signal for apoptotic cell death in mammalian cells, mitochondrial apoptosis is thought to be the principal target of the survival signaling system.^[@bib39]^ Mitochondria commit to apoptosis via increased permeability of the outer mitochondrial membrane, decreased ΔΨ~m~, release of Cyt *c* and production of ROS.^[@bib40]^ Following the treatment of SMMC-7721 cells with WB, we observed that WB treatment induced a significant increase of proteolytic cleavage of caspase-9, -7, -3 and PARP, but not of caspase-8. The caspase inhibitor z-VAD-fmk almosthalted the compound-induced apoptosis, suggesting that WB-induced apoptosis was mainly mitochondria-dependent. Meanwhile, a time-dependent increase in cytosolic Cyt *c*as a result of release from mitochondria was observed inWB-treated cells, indicating activation of the intrinsic mitochondria apoptosis pathway. Furthermore, considerable evidence indicates that both proapoptotic and antiapoptotic Bcl-2 family proteins were implicated in apoptosis induced by an antitumor compound.^[@bib41]^ Consistently, the downregulation of Bcl-xl and Bcl-2, and upregulated proapoptotic Bad were detected in the WB-treated cells, which [is]{.ul} consistent with apoptosis induction.

A number of studies have proven that excess ROS production and/or antioxidant depletion are associated with the apoptotic response induced by several anticancer agents, such as isoobtusilactone A and tamoxifen.^[@bib42],\ [@bib43]^ Evidence also suggests that ROS participated in the diallyl tri-sulfide-induced G2/M phase cell cycle arrest in human prostate cancer cells.^[@bib44]^ Our results showed that WB-induced apoptosis was accompanied by the accumulation of ROS, and pretreatment with the inhibitor NAC partially preventedWB-induced increase of apoptosis, although it almost did not repair WB-induced G2 phase arrest, indicating thatROS-dependent apoptotic pathways and ROS-independent G2/M phase arrest were involved in WB-mediated cell death.

Significant attention has been focused on the important role of the MAPK pathway, and several key signaling components and phosphorylation events that have a role in regulating the cell cycle, apoptosis and even tumorigenesis.^[@bib27],\ [@bib45]^ Among the MAPK subfamilies, p38 has been shown to be essential for sustained G2/M arrest and apoptosis induced by various anticancer agents.^[@bib46]^ However, our data excluded the possibility that p38 is involved in apoptosis and G2/M phase arrest induced by WB. Treatment with WB did not lead to a significant change in the phosphorylation status of p38 and the total level expression of it; second, with or without the inhibitor SB230580, apoptosis and the cell cycle of the cells treated with WB did not exert a significant change. Among the other MAPK subfamilies, activation of the ERK pathway has long been associated with proliferation and growth, and the apoptotic signaling pathways in some cases. The JNK pathway is generally responsible for the apoptotic response induced by several DNA-damaging agents.^[@bib47]^ Based on our results, compared to phospho-p38, the levels of phospho-ERK and -JNK increased in a time-dependent manner after WB treatment. More interestingly, the flow cytometry analyses revealed that only JNK inhibitor markedly inhibited WB-induced apoptosis, and only ERK inhibitor significantly abolished WB-induced G2 phase arrest, suggesting that ERK may mainly operate in G2/M phase arrest, and JNK predominantly controls WB-induced apoptosis. Additionally, our results showed that the activation of ERK was involved in the accumulation of phospho-cdc2, which might be due to the decrease of cdc25C activation by phosphorylation, resulting in subsequent G2 arrest, and JNK activation is involved in the events of WB-mediated apoptosis, which is predominantly inhibited by the JNK inhibitor SP600125. Undoubtedly, these results show that the ERK signaling mediate G2/M phase arrest, as well as the JNK cascades have a role in WB-induced apoptosis ([Figure 7](#fig7){ref-type="fig"}).

Several chemotherapeutic agents are reported to exert their effects by inducing the Ras/Raf/MAPK pathway.^[@bib48]^ Ras is a common upstream activator of the Raf/MAPK pathway.^[@bib28],\ [@bib29]^ A recent study showed that the phosphorylation of the Ras/MAPK signaling was profoundly associated with liver carcinogenesis, and acyclic retinoid, which inhibited Ras/MAPK activation, successfully prevented HCC recurrence.^[@bib49]^ Our data, however, showed that the level of Ras and the phosphorylation of c-Raf were increased after WB treatment, suggesting that the Ras signaling is activated by WB.To further understand the mechanisms of how Ras/Raf activate the MAPK pathway that is induced by WB, SMMC-7721 cells were transfected with RasN17. WB-induced apoptosis and G2 phase arrest were both abolished by the dominant-negative mutants of RasN17. Thus, the Ras/Raf signaling may have a key role in WB-induced activation of the ERK and JNK cascades ([Figure 7](#fig7){ref-type="fig"}).

It is well accepted that small-molecule drugs generally exert their therapeutic functions by binding to the cavities of proteins to influence their biological activities.^[@bib50]^ To confirm the results obtained from the experiments and to further investigate the possible targets of WB, an INVDOCK analysis was applied to identify proteins that WB may directly bind to. From our results, 69 cancer-related proteins whose expressions were significantly changed following WB treatment were identified. Of these, p53 and the protein kinase superfamily members HRas, BRaf, PAK4 and CDK2 are all closely related to MAPKs. Among the five proteins, HRas and BRaf are the upstream molecular components of the MAPK pathway.^[@bib31],\ [@bib32]^It has been suggested that alterations of the Ras/Raf/MAPK pathway may be involved in human cancer due to irregular activation of receptor tyrosine kinases or gain-of-function mutations mainly in the *RAS* or *RAF* genes.^[@bib45]^ Additionally, Ras--GTP has a high affinity for numerous downstream effectors.^[@bib32]^ Thus, the 3-D structure of Ras--GTP was selected to predict the WB-binding ability through the INVDOCK analysis. The INVDOCK was designed to confirm the proteintial targets related with WB-induced antineoplastic effect, and the results note that WB could directly bind to Ras--GTP. In addition, the binding affinity of WB toward Ras--GTP was confirmed using SPR biosensor analysis, suggesting that Ras--GTP might bind directly to WB to activate the downstream pathway.

In conclusion, the present study describes the general molecular mechanisms of the antitumor effects of WB in human hepatoma SMMC-7721 cells. WB could significantly induce cell cycle arrest at G2 phase and mitochondrial-related apoptosis. Moreover, the compound arrests the cell cycle at the G2/M phase through the Ras/Raf/ERK signaling, and induces apoptosis via the Ras/Raf/JNK signaling. We also show that WB binds to Ras/Raf to activate the downstream MAPK pathway to exert its effects. In addition, both *in vitro* and *in vivo*, WB could significantly inhibit HCC growth. Thus, WB, as a potential agent, holds good promise as a new, effective strategy for treating HCC.

Materials and Methods
=====================

Chemicals and reagents
----------------------

WB, which was isolated from the marine algae-derived endophytic fungus *Aspergillus wentii* EN-48 by the Institute of Oceanology of the Chinese Academy of Sciences, was dissolved at a concentration of 1 mg/ml in 100% DMSO as a stock solution, and stored at −20 °C. It was diluted with cell culture media before use.^[@bib21]^ The final DMSO concentration did not exceed 0.1% throughout the study.

Dulbecco\'s modified Eagle\'s medium (DMEM), fetal bovine serum (FBS), trypsin-EDTA, penicillin and streptomycin were purchased from Biowest (Maine *et* Loire, France); DMSO was obtained from Amresco (Solon, OH, USA). DCFH/DA, the BCA protein assay kit, the JC-1 (the probe 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-benzimidazolcarbocyanine iodide) detection kit, the Annexin V-FITC apoptosis detection kit, the cell cycle detection kit, NAC, the Caspase inhibitor z-VAD-fmk, the JNK inhibitor (SP600125), the p38 inhibitor (SB230580) and the ERK1/2 inhibitor (U0126) were all purchased from Beyotime (Jiangsu, China). All antibodies used in this study were purchased from Cell Signaling Technologies Inc. (Beverly, MA, USA). The chemoluminescence reagent was obtained from Millipore (Billerica, MA, USA). The pCMV vector encoding dominant-negative Ras (RasN17) and the control vector were purchased from Clontech (Takara Biomedical Technology Co., Ltd., Beijing, China). The RasN17 mutant protein was expressed and purified on the base of the vector (RasN17), and some validation was shown in [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}. Human recombinant protein Ras--GTP (purify ≥90%) was purchased from Abcam (Hong Kong, China). All other chemicals were of analytical grade.

Cell line and cell culture
--------------------------

The human hepatoma cell lines SMMC-7721, HepG2, Huh7 and Hep3B were obtained from the Cell Bank of Type Culture Collection Chinese Academy of Sciences (Shanghai, China) and cultured in DMEM. The cell cultures were supplemented with 10% FBS and 1% penicillin/streptomycin in a humidified 5% CO~2~ incubator at 37 °C.

Cell proliferation assay
------------------------

The cells were treated with various concentrations of WB or 5-FU for 24, 48 and 72 h, respectively. The cell growth was determined by Cell counting kit-8 assay (Dojindo, Kumamoto, Japan) according to the manufacturer\'s protocol. Experiments were performed in triplicate.

Detection of the cell cycle stage
---------------------------------

To determine the cell cycle distribution, 1 × 10^6^ cells were collected after drug treatment and fixed in 70% ethanol at 4 °C overnight. Then, the cells were labeled with PI (1 mg/ml) in the presence of 1% RNase A for 30 min. The fractions of the cells in G0/G1, S and G2/M phase were analyzed by flow cytometry at an excitation wavelength of 488 nm, and an emission wavelength of 630 nm.

Detection of apoptotic cells
----------------------------

The percentage of apoptotic cells was measured using an Annexin V-FITC apoptosis detection kit, according to the manufacturer\'s protocol. The cells (5 × 10^5^) were cultured in six-well plates and were grown to 70% confluence. After treatment for different durations, the cells were harvested and washed twice with PBS, and then resuspended in 200 *μ*l binding buffer containing 2.5 *μ*l Annexin V-FITC. After incubation away from light for 10--15 min at room temperature, the cells were centrifuged and resuspended again in 300 *μ*l binding buffer containing 5 *μ*l of PI. The stained cells were then analyzed using a flow cytometer.

Measurement of mitochondrial transmembrane potential
----------------------------------------------------

The fluorescent lipophilic cationic probe JC-1 detection kit was used to detect the change of mitochondrial transmembrane potential by flow cytometry. The treated cells were harvested and washed with PBS. Then, samples containing 10^6^ cells/ml were stained with prepared JC-1 solution containing 5 *μ*l JC-1 (200 × ), 800 *μ*l water and 200 *μ*l JC-1 (5 × ) binding buffer for 30 min at 37 °C. The cells were washed and resuspended in 500 *μ*l PBS, and the fluorescence was monitored at excitation/emission wavelengths of 490/540 nm (red) and 540/590 nm (green). Changes in the ratio between the red and green fluorescence were used as an indicator of changes in the mitochondrial membrane potential. The data analysis was performed with Cell Quest software (Becton Dickinson, Singapore, Singapore) by measuring both the green and red JC-1 fluorescence.

Measurement of ROS generation
-----------------------------

Intracellular ROS production was detected using the peroxide-sensitive fluorescent probe DCFH-DA, as previously described.^[@bib51]^ In brief, the cells were incubated in the absence or presence of treatment for the indicated time. Then, the cells were harvested and suspended in 1 mℳ of DCFH-DA at 37 °C for 30 min. After treatment with DCFH-DA, the cells were washed twice with PBS and resuspended in PBS for detection of ROS accumulation using the FACS Calibur flow cytometry system at a wavelength pair of 488/538 nm.

ELISA assay
-----------

The activation of ERK, JNK and p38 MAKP in cell lysates, which were treated with WB for different time points were measured using a human InstantOne ELISA kit (eBioscience, San Diego, CA, USA), following to the manufacturer\'s protocol and instructions. Optical density was read using the InstantOne assay plate-96-well at 450 nm. The amounts of phosphorylated ERK, JNK and p38 MAPK were calculated according to the manufacturer\'s protocol. All tests were performed in triplicate.

Western blot analysis
---------------------

After the cells were seeded into six-well plates and treated with WB for the indicated time, cell lysates were prepared. The protein concentration was quantified using a BCA protein assay kit (Beyotime). Equal amounts of protein were separated using SDS-PAGE and transferred to nitrocellulose membranes, followed by incubation with the appropriate primary and secondary antibodies. The immunocomplexes were visualized using a horseradish peroxidase-conjugated antibody, followed by a chemoluminescence reagent (Millipore) and detected on photographic film.

Transfection procedure
----------------------

The cells were transfected with dominant-negative Ras (RasN17) and a control vector using Lipofectamine 2000, according to the manufacturer\'s instructions. Positive selection was performed after incubating the cells in fresh medium for 48 h. G418-resistant colonies at a concentration of 0.7 mg/ml were selected, and transfected clones were used for further studies after 2 weeks of selection.

*In vivo* tumor xenograft study
-------------------------------

A total of 2 × 10^6^ SMMC-7721 cells/mouse were subcutaneously inoculated into the right flank of nude mice. One week later, 50 mice were randomised into five groups and treated with WB (5, 10 and 20 mg/kg), 5-Fu (5 mg/kg, positive control) and DMSO (20 mg/kg, dissolved in sodium chloride, negative control) once every 2 days for 21 days. The tumor volumes and mouse body size were measured once every 4 days. On day 20, the mice were killed and the tumor tissues were weighed. The following formula was used for tumor volume measurement: tumor volume=*L* × *W*^2^/2, where *L* is the length and *W* is the width. The Ethical Committee of the Second Military Medicine University approved the current study.

Immunohistochemistry
--------------------

The tumor xenograft tissue blocks were cut into4-*μ*m sections and fixed with formalin, embedded with paraffin. Samples were first incubated with primary antibodies against phospho-ERK, -JNK and -p38, and then incubated with a biotinylated secondary antibody using the ChemMate EnVision Kit (K5001, DAKO, Hamburg, Germany). All stained sections were examined under a light microscope at a magnification of × 200. For the histological analysis, the sections were stained with H&E, according to the manufacturer\'s instructions.

Statistical analysis
--------------------

The data are expressed as the mean±S.D. Significant differences between the two groups were determined by Student\'s *t*-test, and *P*\<0.05 was considered to be statistically significant.

Prediction of possible targets for WB
-------------------------------------

To predict the possible protein targets for WB, ligand--protein INVDOCK program was applied to identify protein cavities that WB can directly bind to. As Ras--GTP is a common upstream activator of MAPK, its 3-D structure was used to verify the targeting of WB.

SPR biosensor analysis
----------------------

SPR biosensor analysis was used to verify the binding of WB to Ras--GTP protein and RasN17 protein, which were analyzed by the Center for Bio-information Technology, Chinese Academy of Sciences Shanghai, China, using an SPR-based Biacore T100 instrument (GE Healthcare, Pittsburgh, PA, USA), as described previously.^[@bib52]^ In brief, the proteins were immobilized on a CM5 sensor chip in 7000 RU according to the standard primary amine-coupling procedures. WB was diluted to different concentrations with a constant DMSO concentration of 0.5% in running buffer, and it was then injected into the channels for protein binding at a flow rate of 10 *μ*l/min, followed by washing with the running buffer. The *K*~D~=*K*~off~/*K*~on~ (where, *K*~D~=equilibrium dissociation constant, *K*~on~=association rate constant and *K*~off~=dissociation rate constant) were determined by analysis of the sensorgram curves obtained at different concentrations of WB by use of BIA evaluation v4.1 (Biacore).
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NAC

:   N-acetylcysteine

O~2~^−•^

:   superoxide radical

OH^−^, hydroxylradical; ROS

:   reactive oxygen species

SPR

:   surface plasmon resonance

z-VAD-fmk

:   Caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

Edited by A Stephanou

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![Cell cycle analysis of WB-treated cells. (**a**) SMMC-7721 cells were treated with 5-FU (20 *μ*ℳ) and WB (9.48, 18.96, 37.92 and 75.84  *μ*ℳ) for four different time points. Then, the cell cycle distribution was measured using flow cytometry. The percentage of cells in each population was shown as the mean±S.D. from three independent experiments. \**P*\<0.05, \*\**P*\<0.01. (**b**) Western blot analysis of p53, p21 and G2/M transition-related proteins after WB treatment. Similar experiments were repeated at least twice with similar results](cddis2013182f1){#fig1}

![WB induces apoptosis in SMMC-7721 cells through mitochondrial disruption. (**a**) Following treatment of SMMC-7721 cells with 5-FU (20 *μ*ℳ) and various concentrations of WB for the indicated time points, apoptotic cells were detected by Annexin V and propidium iodide double staining. Statistical analysis of the percentages of the apoptotic cells. The data shown are representatives of three experiments. \**P*\<0.05, \*\**P*\<0.01. (**b**) SMMC-7721 cells were treated with or without 18.96 *μ*ℳ WB for the indicated time, and then the cells were harvested and lysed. Caspase-3, -7, -8, -9 and PARP were measured by western blot. (**c**) After treatment, the cells were harvested and separated into cytosolic and mitochondrial fractions. The expressions of Cyt *c* in the cytosol and mitochondria were analyzed by western blot. (**d**) Western blots of whole-cell extracts of SMMC-7721 cells were analyzed for Bcl-xl, Bcl-2, phospho-Bcl-2, Bad and phospho-Bad after treatment with 18.96 *μ*ℳ WB for the indicated time. (**e**) The disruption of mitochondrial transmembrane potential of SMMC-7721 cells that were treated or not with 18.96 *μ*ℳ WB was measured by flow cytometry using the fluorochrome dye JC-1. (**f**) The ratio of PE/FITC indicates the depolarized mitochondrial membrane. Each value is the mean±S.D. of three determinations. \**P*\<0.05, \*\**P*\<0.01. (**g**) Broad-spectrum caspase inhibitor z-VAD-fmk partially inhibited WB-induced apoptosis. The SMMC-7721 cells were treated with z-VAD-fmk for 1 h before adding WB for another 48 h. Apoptosis was measured by flow cytometry as described above. ^\*^*P*\<0.05. (**h**) SMMC-7721 cells were treated with 20 *μ*ℳ z-VAD-fmk for 1 h before treatment with 18.96 *μ*ℳ WB for 48 h. The whole-cell extracts were assessed by western blot](cddis2013182f2){#fig2}

![WB potentiates the elevation of ROS, which contributes to SMMC-7721 cells\' apoptosis, but not the G2 phase arrest. (**a**) SMMC-7721 cells were treated with WB (18.96 *μ*ℳ) for the indicated time points and then loaded with DCFH/DA. The mean DCF fluorescence was measured by flow cytometry. (**b**) Histograms are representative of the percentage of DCF fluorescence of three independent experiments. \**P*\<0.05. (**c**) The cells were preincubated for 1 h in the presence or absence of NAC (10 mℳ), and then 18.96 *μ*ℳ WB was added and incubated for 48 h. The induction of apoptosis was determined by flow cytometry. (**d**) Statistical analysis of the percentages of the apoptotic cells. Data shown are from representative experiments repeated three times with similar results. \**P*\<0.05. (**e**) The cells were incubated for 1 h in the presence or absence of NAC (10 mℳ), and then 18.96 *μ*ℳ WB was added and incubated for 48 h. Then, the cell cycle distribution was analyzed using flow cytometry. (**f**) The percentage of cells in each population is shown as the mean±S.D. from three independent experiments. ns, not significant. (**g**--**i**) Cells were treated with 10 mℳ NAC for 1 h before treatment with 18.96 *μ*ℳ WB for 48 h. The whole-cell extracts were assessed by western blot](cddis2013182f3){#fig3}

![ERK regulates WB-induced G2 phase arrest, and JNK participates in WB-induced apoptosis in SMMC-7721 cells. (**a**) Effects of WB on ERK, JNK, and p38 MAP kinase activation in SMMC-7721 cells. SMMC-7721 cells were treated with or without 18.96 *μ*ℳ WB for the indicated time, and then the cells were harvested and lysed. The phosphorylation levels of ERK, JNK and p38 MAP kinase were analyzed by western blot. (**b**) SMMC-7721 cells were pretreated with 18.96 *μ*ℳ WB for the indicated time points. Cells were analyzed for phosphorylated ERK, JNK and p38 by InstantOne ELISA. \**P*\<0.05, \*\**P*\<0.01. (**c**, **d**) The cells were incubated for 1 h in the presence or absence of U0126 (20 mℳ), SP600125 (20 mℳ) and SB203580 (20 mℳ), and then 18.96 *μ*ℳ WB was added followed by incubation for an additional 48 h. The induction of apoptosis and cell cycle distribution were determined by flow cytometry. The percentage of cell apoptosis and cell cycle distribution were shown as the mean±S.D. from three independent experiments. \*\**P*\<0.01; ns, not significant. (**e**, **f**) Cells were preincubated for 1 h in the presence or absence of U0126 (20 mℳ) and SP600125 (20 mℳ), and then treated with 18.96 *μ*ℳ WB, followed by western blot analysis of various apoptosis and cell cycle-related proteins](cddis2013182f4){#fig4}

![WB binds to Ras to exert its effects. (**a**) Three hepatoma cell lines (SMMC-7721, HepG2 and Huh7) were treated with WB (18.96 *μ*ℳ) for 48 h, then the RAS activity was analyzed by western blot. (**b**) Time course for WB-induced Ras activation. SMMC-7721 cells were stimulated by WB for the indicated time and lysed. The cellular content of the active forms of Ras (Ras--GTP and phospho-c-Raf) was analyzed. (**c**, **d**) The SMMC-7721 cells that were transfected with RasN17, or empty vector were incubated with 18.96 *μ*ℳ WB for 48 h. The induction of apoptosis and cell cycle distribution were determined by flow cytometry. The percentage of cell apoptosis and cell cycle distribution are shown as the mean±S.D. from three independent experiments. \*\**P*\<0.01 compared with no WB treatment in RasN17-transfected SMMC-7721 cells. (**e**) The cells that were transfected with RasN17 or empty vector were incubated with 18.96 *μ*ℳ WB for 24 h, and then the cellular contents of the phosphorylation levels of ERK and JNK, apoptosis and cell cycle-related proteins were analyzed by western blot. (**f**) The verification of WB binds to Ras--GTP. Left: the three-dimensional structure of WB; right: illustration of the WB molecule docked into the Ras--GTP protein, modeled using the INVDOCK program. (**g**, **h**) The binding affinity of WB for the Ras--GTP protein and the RasN17 protein determined by SPR](cddis2013182f5){#fig5}

![The effects of WB treatment on the tumorigenicity of SMMC-7721 cells *in vivo*. (**a**) In total, 2 × 10^6^ SMMC-7721 cells/mouse were subcutaneously inoculated into nude mice. The 50 mice were randomised into five groups and treated with WB, 5-Fu and DMSO, as described in the Methods once every 2 days for 20 days. The resulting tumors were excised from the animals after treatment. (**b**) The tumor masses for five groups of animals were compared, and each histogram represented the mean±S.D. of 10 mice. \*\**P*\<0.01; \*\*\**P*\<0.001. (**c**) The tumor volumes of the nude mice inoculated with SMMC-7721 cells were measured and calculated once every 2 days. (**d**) The nude mouse body weight was measured every 4 days. (**e**) The expression of Ras and Ras--GTP in tumor xenograft tissues was analyzed by western blot. (**f**) The phosphorylation of ERK, JNK and p38 in tumor xenograft tissues was revealed by immunohistochemistry](cddis2013182f6){#fig6}

![Overview of the pathways for WB-induced apoptosis and cell cycle arrest in SMMC-7721 cells](cddis2013182f7){#fig7}

###### The proteins predicted by INVDOCK to bind to Wentilactone B (WB)

  **Compound**    **Protein**   **Protein data bank identification number**   **Species**  **Ligand--protein interaction energy value**
  -------------- ------------- --------------------------------------------- ------------- ----------------------------------------------
  WB                 HRas                         P01112                         Human     −45.9
                     BRaf1                        P15056                         Human     −52.5
                     PAK4                         O96013                         Human     −43.6
                      P53                         P04637                         Human     −40.3
                     CDK2                         P24941                         Human     −44.4

Abbreviation: INVDOCK, inverse docking program.

[^1]: These authors contributed equally to this work.
